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RISRO\PHUEOHQGV7KHPRVWXVHIXOWHFKQLTXHLVWKHUPDODQDO\VLV 5DPHVKHWDO
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WUDQVLWLRQ RI WKH SRO\PHU FRPSRQHQWV LQ WKH EOHQGV LQGLFDWHV LQFRPSDWLEOH V\VWHP 7KH HOXFLGDWLRQ RI WKH
LQWHUDFWLRQVDPRQJWKHEOHQGVDQGWKHSRO\PHUPLVFLELOLW\FDQEHGHWHUPLQHGE\)7,5VSHFWURVFRS\ (ODVKPDZLHW
DO
3RO\ PHWK\O PHWKDFU\ODWH 300$ LV DQ DPRUSKRXV WKHUPRSODVWLF DQG QRQELRGHJUDGDEOH SRO\PHU ,W LV
RSWLFDOO\ WUDQVSDUHQF\ DQG KDV JRRG PHFKDQLFDO VWUHQJWK ,W KDV RXWVWDQGLQJ SURSHUWLHV LQFOXGH ZHDWKHUDELOLW\
VFUDWFK UHVLVWDQFH DQG JRRG LQVXODWLQJ SURSHUWLHV 300$ LV WKH FRPPRQO\ XVHG SRO\PHU DPRQJ WKH DFU\ODWH
SRO\PHUV DQG KDV QXPHURXV DSSOLFDWLRQV LQ GD\ WR GD\ OLIH &HOOXORVH DFHWDWH SKWKDODWH &$3K EHORQJLQJ WR
&HOOXORVHHVWHUV LV SULPHDPRQJ GHULYHGQDWXUDOSRO\PHUVDQG LV VHQVLWLYH WRELRGHJUDGDWLRQ&HOOXORVHHVWHUVDUH
XVHG WRSUHSDUH PLVFLEOHEOHQGVZLWK DFU\OLFV SRO\HVWHUV DQGRWKHU SRO\PHUV &HOOXORVH HVWHUV KDYH WKH DELOLW\ WR
IRUPK\GURJHQERQGVEHFDXVHWKHHVWHUVKDYH 2+ DQG & 2 JURXSV +HQFHWKHSRO\EOHQGVRI300$DQG&$3K
FDQ FUHDWH JRRG PDWHULDOVIRU QXPHURXV DSSOLFDWLRQV UHTXLUHGLQGD\WRGD\OLIH 7KHVWXG\RIWKHSURSHUWLHVRIWKHVH
EOHQGVFUHDWHVDQLQWHUHVWLQWKHUHVHDUFKZRUOG ,QWKLV SHUVSHFWLYH DQGDVDSDUWRIRXU FRQWLQXLQJ UHVHDUFKZRUNRQ
SRO\PHUEOHQGVDQGFRPSRVLWHV 6HOYDNXPDUHWDO6HOYDNXPDUDQG%KDW %KDWWDQG%KDW -RLVDQG
%KDW%KDWDQG-RLVSRO\EOHQGVRI300$DQG&$3KKDYHEHHQSUHSDUHGE\VROXWLRQFDVWLQJPHWKRG
7KHPLVFLELOLW\KDVEHHQDQDO\VHGE\ )7,5$75DQG'6& PHDVXUHPHQWV7KHH[LVWHQFHRIVSHFLILFLQWHUDFWLRQVLQ
WKHEOHQGVKDVEHHQPHDVXUHGE\)7,5$75ZDWHUXSWDNHDQG,(&VWXGLHV7KH FRQGXFWLYLW\RIWKH SUHSDUHG EOHQGV
KDV DOVREHHQVWXGLHG
 ([SHULPHQWDO
0DWHULDOV
3RO\PHUV LQYHVWLJDWHG LQ WKH SUHVHQW UHSRUW ZHUH SURFXUHG IURP FRPPHUFLDO VRXUFHV DQG ZHUH XVHG ZLWKRXW
IXUWKHUSXULILFDWLRQ300$ 0:  DQG&$3K 0:  ZHUH SURFXUHG IURP 6LJPD$OGULFK 7KH
VROYHQWXVHGLQWKLVZRUNZDV 'LPHWK\OIRUPDPLGH'0) VXSSOLHGE\0HUFN
3UHSDUDWLRQRI%OHQGV
7KHSRO\EOHQGVZHUHSUHSDUHGDFFRUGLQJWRWKHUHSRUWHGSURFHGXUH-RLVDQG%KDW 6ROXWLRQFDVWLQJPHWKRG
KDVEHHQ XVHGLQWKHSUHSDUDWLRQRISRO\EOHQGVRI300$ZLWK&$3K 7KHZYVWRFNVROXWLRQVRI FRPSRQHQW
SRO\PHUV ZHUHSUHSDUHG LQ'0) VROYHQW E\ VWLUULQJ IRU KRXUV7KHQ WKH PL[WXUHV RI VROXWLRQVZHUH SUHSDUHG
7KXV SUHSDUHG VROXWLRQ PL[WXUHV ZHUH DJDLQ VWLUUHG IRU WKUHH KRXUV 7KH FOHDU PL[WXUHV ZHUH WKHQ GHFDQWHG LQWR
7HIORQSHWULGLVKHV 7KHSHWULGLVKHVZHUHSODFHGLQDYDFXXPRYHQDW&IRUKWRHYDSRUDWHWKHVROYHQW 7KH
GULHGILOPVZHUHWDNHQRXW IURPWKHSHWULGLVKHV DQGVWRUHGLQDYDFXXPGHVLFFDWRU
 0HPEUDQH&KDUDFWHUL]DWLRQ
 )RXULHUWUDQVIRUPLQIUDUHG)7,5VSHFWURVFRSLFVWXGLHV
)7,5VSHFWUDRIWKH FRPSRQHQWSRO\PHUV DQG300$&$3KEOHQGVZHUH UHFRUGHG LQWKHUDQJH RI DQG
FP RQD1,&2/(7$9$7$5)7,5$75VSHFWURSKRWRPHWHUZLWKUHVROXWLRQRIFP
 'LIIHUHQWLDOVFDQQLQJFDORULPHWU\'6&6WXGLHV
7KH LQVWUXPHQW XVHG LQ WKH SUHVHQW VWXG\ LV 6+,0$'=8 '6& '6& WKHUPRJUDPV RI FRPSRQHQW DQG
300$&$3KEOHQGVZHUHREWDLQHG E\ XVLQJ WKH VDPSOH RI QHDUO\ PJZHLJKW 7KH VDPSOHVZHUH VHDOHG LQ DQ
DOXPLQLXP SDQ 7KH PHDVXUHPHQWV RI WKH VDPSOHV ZHUH GRQH RYHU D WHPSHUDWXUH UDQJHRI  & WR & 7KH
VDPSOHVZHUH KHDWHG DWD UDWHRI&PLQ DQGWKHPHDVXUHPHQWVZHUHFDUULHGRXW XQGHUQLWURJHQ DWPRVSKHUH
:DWHUXSWDNH
7KH SUHZHLJKHG EOHQGV ZHUH LPPHUVHG LQWR GHLRQLVHG ZDWHU IRU  K DW URRP WHPSHUDWXUH 7KHQ WKH DGKHUHG
ZDWHU RQ WKH EOHQGV ZDV UHPRYHG E\ JHQWO\ SUHVVLQJ EHWZHHQ WKH IROGV RI WKH WLVVXH SDSHU $IWHU UHPRYLQJ WKH
DGKHUHGZDWHUWKHEOHQGVDPSOHVZHUH UDSLGO\ ZHLJKHGRQD GLJLWDO EDODQFH )RUHDFKEOHQGWULSOLFDWHVZHUHUXQ WR
JHWWKHVDWLVIDFWRU\UHSURGXFLELOLW\6HOYDNXPDUHWDO 7KHFDOFXODWLRQRI ZDWHUXSWDNH: LQWKHEOHQGV ZHUH
GRQHE\ XVLQJ WKH (TXDWLRQ
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
ZKHUH:GU\ LVWKH GU\ ZHLJKWRI WKH EOHQGDQG:ZHW LVZHLJKWRIZDWHUDEVRUEHGEOHQGVDPSOH
,RQH[FKDQJHFDSDFLW\PHDVXUHPHQWV
,RQ H[FKDQJH FDSDFLW\ ,(& GHWHUPLQHV WKH QXPEHU RI PLOOLHTXLYDOHQWV PHTXLY RI LRQV LQ  J RI WKH GU\
SRO\PHUEOHQG +HUH WKHSRO\PHU EOHQGVRIVLPLODUZHLJKWZHUH LPPHUVHG LQP/RI1VRGLXPK\GUR[LGH
1D2+VROXWLRQIRUKDW URRP WHPSHUDWXUH$IWHUKP/RIWKHVROXWLRQZDV SLSHWWH RXWDQG WLWUDWHG DJDLQVW
1 VXOSKXULF DFLG +62 'XULQJ WKH WLWUDWLRQ SKHQROSKWKDOHLQ ZDV XVHG DV DQ LQGLFDWRU ,(& RI WKH EOHQGV
ZHUH FDOFXODWHGE\XVLQJ(TXDWLRQ

ZKHUH % DQG 3 DUH WKH DPRXQWRI+62 XVHGWRQHXWUDOL]HEODQNVDPSOHVROXWLRQ P/ DQG DPRXQW RI+62
XVHG WR QHXWUDOL]H WKH EOHQG LPPHUVHG VROXWLRQ XVHG LQ WKH VWXG\ P/ UHVSHFWLYHO\ P LV WKH PDVV RI WKH GU\
SRO\PHUEOHQGLQJ LVQRUPDOLW\RIWKH+62 7KHIDFWRUFRUUHVSRQGLQJWRWKHUDWLRRIWKHDPRXQWRI1D2+
XVHGWR LPPHUVH WKHEOHQGVWRWKHDPRXQWXVHGIRUWLWUDWLRQ 6DKXHWDO
(OHFWURFKHPLFDOLPSHGDQFHVSHFWURVFRS\DQGSURWRQFRQGXFWLYLW\PHDVXUHPHQW
7KH$&LPSHGDQFHVSHFWUDZHUHUHFRUGHGE\XVLQJ$872/$%(OHFWURFKHPLFDO6\VWHP 7KH IUHTXHQF\UDQJHRI
+]DQG+] ZDVDGDSWHG 7KH VDPSOHVZHUHVXEMHFWHGWRD WHPSHUDWXUHUDQJHRI&WR& 7\SLFDO
WZRHOHFWURGHFHOOZDVXVHGWRPHDVXUHWKHSURWRQFRQGXFWLYLW\ 7KH WZRFRSSHUHOHFWURGHVRI GLPHQVLRQV FPî
FP ZHUHFRQVWUXFWHGDVFRQGXFWLYLW\FHOO7KHEOHQGVDPSOHV ZHUH SODFHG LQ EHWZHHQWKHWZRFRSSHUHOHFWURGHV 7KH
DVVHPEO\ZDV FODPSHGLQD7HIORQEORFNDQG ZDVSODFHG LQDFORVHGJODVV EHDNHU 7RSURYLGHFRQGXFWLQJPHGLXP 
0 1D&OVROXWLRQZDVXVHGDVDQHOHFWURO\WH %HIRUHPHDVXUHPHQWWKHVDPSOHZDV VXEMHFWHGWRWKHUPDOHTXLOLEUDWLRQ
+HUH WKH FHOO ZDV NHSW IRU DERXW DQ KRXU DW HDFK PHDVXULQJ WHPSHUDWXUH 7KH KLJK IUHTXHQF\ LQWHUFHSW RI WKH
LPSHGDQFHZLWK UHDO D[LV JLYHV WKH UHVLVWDQFH YDOXH DVVRFLDWHG ZLWK WKH EOHQG FRQGXFWLYLW\ )URP WKHPHPEUDQH
UHVLVWDQFH5WKHEOHQGFRQGXFWLYLW\ FDQEH FDOFXODWHG XVLQJWKHIROORZLQJ(TXDWLRQ
ı /5$ 
ZKHUH ı / DQG $ DUH WKHSURWRQFRQGXFWLYLW\LQ6FPWKLFNQHVVLQFPDQG WKH DUHDRIWKHEOHQGLQFP
UHVSHFWLYHO\
 'LHOHFWULFVWXGLHV
&RPSOH[LPSHGDQFHGDWD = FDQEH GHSLFWHG E\LWVUHDO =5 DQGLPDJLQDU\ =, SDUWV DFFRUGLQJWR WKHUHODWLRQ
=  =5  M=, 
7KHHTXDWLRQVIRUWKHGLHOHFWULFFRQVWDQW İ5 DQGWKHGLHOHFWULFORVV İ,FDQEHVKRZQDV
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 5HVXOWVDQG'LVFXVVLRQ
)7,5VSHFWURVFRSLFVWXGLHV
)7,5VSHFWURVFRS\LVWKHPDMRUWRROWRVWXG\WKHPLVFLELOLW\ DPRQJ EOHQGV 7KHSUHVHQFHRIK\GURJHQERQGLQJ LQ
EOHQGV FDQ DOVR FRQILUPHG E\ XVLQJ )7,5 VSHFWURVFRS\ LQ WKH VROLG VWDWH 7KH PDJQLWXGHV RI K\GURJHQ ERQG
IRUPDWLRQ DUH TXLWH VPDOO FRPSDUHG WR WKH W\SLFDO FKHPLFDO FKDQJHV HQHUJ\ FKDQJHV ERQG OHQJWKV DQG HOHFWURQ
GHQVLWLHV+HQFH E\)7,5VSHFWURVFRS\ WKHK\GURJHQERQG IRUPDWLRQ FDQEHFRQILUPHG +HHWDO
,QJHQHUDO LWLVH[SHFWHGWKDW ZKHQ WKHHVWDEOLVKPHQWRI K\GURJHQERQG H[LW EHWZHHQWZR GLIIHUHQW JURXSV GXHWR
WKHYLEUDWLRQ IUHTXHQFLHVDFRQVLGHUDEOHVKLIWRIERWK WKHJURXSVDUHREVHUYHG 6LPLODUO\ SRO\PHUEOHQGV PDGHRI
FRQVWLWXHQW SRO\PHUV FRQVLVWLQJ RI & 2 DQG 2+ PRLHWLHV ZLOO VKRZ D FRQVLGHUDEOH VKLIW LQ WKHLU YLEUDWLRQ
IUHTXHQFLHV +HUH 300$KDV & 2 JURXSDQG&$3KKDVERWKWKH & 2 DQG 2+ JURXSV +HQFHLWLVH[SHFWHGWKDW
WKH EOHQG RI 300$ DQG&$3KZLOO VKRZ D FRQVLGHUDEOH VKLIW LQ WKH YLEUDWLRQ IUHTXHQF\ )7,5 VSHFWUD RI SXUH
300$300$&$3KEOHQGDQGSXUH&$3KZHUH UHSUHVHQWHG LQ)LJ)LJDQG)LJUHVSHFWLYHO\
7KH FDUERQ\O VWUHWFKLQJ IUHTXHQF\ RI SXUH &$3K )LJ  DW  FP GHFUHDVHG WR  FP LQ WKH
300$&$3K  EOHQG )LJ  7KLV VLJQLILHV WKH ZHDN K\GURJHQ ERQG IRUPDWLRQ DPRQJ WKH FRPSRQHQW
SRO\PHUVLQWKHEOHQG7KLVFDQEH DWWULEXWHG WRWKHPLVFLELOLW\RIWKHEOHQGV7KHEURDGEDQGDW DERXW FP LQ
SXUH &$3K DQG  FP LQ 300$&$3K  EOHQG FRUUHVSRQGHG WR WKH 2+ VWUHWFKLQJ YLEUDWLRQV RI
K\GUR[\OJURXSV $IWHUEOHQGLQJLWKDV EHHQQRWLFHGWKDW WKH EURDGEDQG LQWHQVLW\ KDV GHFUHDVHG 7KLV LQGLFDWHV WKDW
SDUW RI WKH ±2+ JURXSVZHUH LQYROYHG LQ WKH IRUPDWLRQ RI K\GURJHQ ERQG 7KHVH UHVXOWV GHQRWH ZHDN K\GURJHQ
ERQGLQJLQWHUDFWLRQV H[LVW LQWKHEOHQGV
)LJ)7,56SHFWUXPRI3XUH300$
)LJ)7,56SHFWUXPRI300$  &$3KEOHQG
)LJ)7,56SHFWUXPRI3XUH&$3K
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'6&6WXGLHV
$PRQJ WKHUPDO DQDO\VLV WHFKQLTXHV '6& LV XVHG WR VWXG\ WKH PLVFLELOLW\ RI WKH SRO\PHU EOHQGV 7KH '6&
WKHUPRJUDPVRI FRPSRQHQWSRO\PHUV DQG300$&$3KEOHQGVDUHVKRZQLQ)LJDQG)LJUHVSHFWLYHO\
)LJ LQGLFDWHV WKDW WKH 7J IRUSXUH&$3KLV&DQG300$LV& )URP)LJLW LVFOHDU WKDW WKH
WKHUPRJUDPV KDYHVKRZQVLQJOH 7J IRU WKH300$&$3K EOHQGV 7KH 7J YDOXHOLHV ZLWKLQWKH WUDQVLWLRQ YDOXHVRI WKH
FRPSRQHQW SRO\PHUV )XUWKHU ZLWK LQFUHDVH LQ WKH SHUFHQWDJH RI 300$ LQ WKH EOHQGV WKH 7J YDOXHV GHFUHDVHG
UHJXODUO\ +HQFHWKH UHJXODU YDULDWLRQRI 7J LQWKHEOHQGV VXJJHVW PLVFLELOLW\RIWKHFRPSRQHQWVLQWKHEOHQGV
)LJ'6&VFDQVRISXUH300$DQGSXUH&$3K )LJ'6&VFDQVRI300$&$3KEOHQGV
*RUGRQ7D\ORU HTXDWLRQ *RUGRQ DQG 7D\ORU  6KLUDKDVH HW DO  (TXDWLRQ  DQG )R[ HTXDWLRQ
6HOYDNXPDU HW DO  )R[  (TXDWLRQ  DUH WKHRUHWLFDO HTXDWLRQV WKDW KDYH EHHQ GHYHORSHG IRU
GHWHUPLQDWLRQ RI WKH 7J RI EOHQGV 7KH7J RI WKH EOHQGV FDQ EH FDOFXODWHG IURP WKH SURSHUWLHV RI WKH FRPSRQHQW
SRO\PHUV )RUDPRUSKRXVSRO\PHUEOHQGVWKH 7J FDQEHGHWHUPLQHGE\ WKH PRVWFRPPRQO\ XVHGH[SUHVVLRQV


ZKHUH 7JE LVJODVVWUDQVLWLRQWHPSHUDWXUH7JRIWKHEOHQG 7J DQG 7J DUHWKHJODVVWUDQVLWLRQWHPSHUDWXUHVRIWKH
SXUH SRO\PUHV300$DQG&$3KUHVSHFWLYHO\ : DQG : DUHZHLJKWIUDFWLRQRI300$DQG&$3KUHVSHFWLYHO\ N
LV D ILWWLQJ SDUDPHWHU 7KH H[SHULPHQWDOO\ REWDLQHG GDWD LV EHVW ILWWHG E\ *RUGRQ7D\ORU HTXDWLRQZLWK N   
+HQFH WKH UHVXOW VXJJHVWV WKDW 300$&$3K EOHQGV KDYH KLJK PLVFLELOLW\ LQ WKH DPRUSKRXV VWDWH 7KH WKHUPDO
SURSHUWLHVRI300$&$3KEOHQGVDUHUHSUHVHQWHGLQ7DEOH )RU)R[HTXDWLRQWKHEOHQGV KDYH VKRZQ DSRVLWLYH
GHYLDWLRQ 7KLV LPSOLHV WKDW WKHFRPSRQHQWSRO\PHUVH[KLELW DQLQWHUPROHFXODULQWHUDFWLRQ
7DEOH7KHUPDOSURSHUWLHVRI300$&$3KEOHQGV
6DPSOH 300$ZW 7J & )R[HTXDWLRQ *RUGRQ7D\ORUHTXDWLRQ
   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:DWHUXSWDNH
7KH FRUUHODWLRQ EHWZHHQZDWHUXSWDNHDQG SHUFHQWDJHRI 300$FRQWHQWLVVKRZQLQ)LJ
:DWHUXSWDNHRI WKH300$&$3KEOHQGKDV VKRZQDQ LQFUHDVLQJ WUHQGXS WR )RU300$&$3K
EOHQG D PD[LPXPZDWHU XSWDNH RI ZDV QRWLFHG 2Q IXUWKHU DGGLWLRQ RI 300$ WKHZDWHU DEVRUSWLRQ KDV
VKRZQ GHFUHDVLQJ WHQGHQF\ *HQHUDOO\ SRO\PHU VWUXFWXUHV GR SRVVHV YRLGV ZKLFK IDYRXU DQ LQFUHDVH LQ ZDWHU
XSWDNH 'XH WR WKH LQFUHDVH LQ WKHYRLGYROXPH LQ WKHEOHQGV DJUDGXDO LQFUHDVHXS WRRI300$KDVEHHQ
REVHUYHG $IWHUWKHZDWHUDEVRUSWLRQWKH EOHQGILOPZDVVKRZQ FORXG\DSSHDUDQFH 7KH FORXG\DSSHDUDQFHLV PRUH
LQWKHFDVHRI 300$&$3KEOHQG 7KLVPD\EHGXHWRWKHIRUPDWLRQRIPRUHQXPEHURIYRLGVSDFHV $IWHU
FRPSRVLWLRQWKHEOHQGV VWUXFWXUHJUDGXDOO\EHFRPHV PRUHFRPSDFWGXHWRWKH SUHVHQFHRI300$6RWKHEOHQGV
ZLWKWKH GHFUHDVH LQ WKHQXPEHURI YRLGVSDFHVVKRZ UHGXFWLRQLQWKHZDWHUDEVRUSWLRQ
)LJ:DWHUDEVRUSWLRQE\300$&$3KEOHQGV
,RQH[FKDQJHFDSDFLW\PHDVXUHPHQWV
7KH FRPSRQHQWDQGEOHQGSRO\PHUV H[KLELW LRQH[FKDQJHDEOHJURXSV ZKLFK DUH VHQVLEOH IRUSURWRQFRQGXFWLRQ
,RQ H[FKDQJH FDSDFLW\ ,(& LV DQ LQGLUHFW DSSUR[LPDWLRQ WR LGHQWLI\ WKH LRQ H[FKDQJHDEOH JURXSV SUHVHQW LQ
FRPSRQHQWSRO\PHUVDQGWKHLUEOHQGV 7KH,(&YDOXHVIRUWKH300$&$3KEOHQGVDUH JUDSKLFDOO\ VKRZQLQ)LJ
)LJ7KHFKDQJHRI,(&YDOXHVLQWKH300$&$3KEOHQGV
)URPWKH)LJXUHLW LVFOHDUWKDW WKH,(&YDOXHVRI300$&$3K EOHQGVGHFUHDVHG DV WKH SHUFHQWDJHRI 300$
LQFUHDVHG 7KHFRPSRQHQWSRO\PHU &$3KKDVH[FKDQJHDEOH ±2+JURXSV :KHQ WKHSHUFHQWDJHRI 300$ LQ WKH
EOHQG LV LQFUHDVHG WKH DPRXQW RI UHSODFHDEOH JURXSV LQ WKHEOHQG LV GHFUHDVHG $FFRUGLQJO\ WKH ,(& YDOXH RI WKH
EOHQGVKDV GHFUHDVHG
(OHFWURFKHPLFDOLPSHGDQFHVSHFWURVFRSLFVWXGLHV
0DWHULDO SURSHUWLHV VXFK DV SHUPLWWLYLW\ DQG FRQGXFWLYLW\ FDQ EH GHWHUPLQHG E\ HOHFWURFKHPLFDO LPSHGDQFH
VSHFWURVFRS\ )LJ  VKRZV$& LPSHGDQFH VSHFWUD &ROH&ROHRU1\TXLVW SORWV RI 300$&$3KEOHQG DW
GLIIHUHQWWHPSHUDWXUHV
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)LJ D $&LPSHGDQFH VSHFWUD RI300$&$3KEOHQGDWGLIIHUHQWWHPSHUDWXUHV )LJE'HFUHDVHLQ%XONUHVLVWDQFHYDOXHZLWK
LQFUHDVHLQWHPSHUDWXUH
+HUH WKH HOHFWURO\WH SOD\V DQ LPSRUWDQW UROH IRU WKH LPSHGDQFH VSHFWUD 7KH EXON UHVLVWDQFH RI WKH HOHFWURO\WH
FRQWULEXWHVPRUHWRWKHWRWDOUHVLVWDQFHFRPSDUHGWRWKHJUDLQERXQGDU\UHVLVWDQFH )URPWKHJUDSKLWFDQEHVHHQWKDW
WKH OLQHV DUH LQFOLQHG WRZDUGV WKH UHDOD[LV 7KLV UHSUHVHQWV WKH HOHFWURO\WH HOHFWURGH GRXEOH OD\HU FDSDFLWDQFH
EHKDYLRUREWDLQHGIRUDOOWKHVDPSOHVZLWKLQWKHUDQJHRIIUHTXHQF\HYDOXDWHG
3URWRQFRQGXFWLYLW\PHDVXUHPHQW
7KHYDULDWLRQV LQFRQGXFWLYLW\ZLWK WHPSHUDWXUH)LJDQGDW URRPWHPSHUDWXUH)LJ IRUGLIIHUHQWEOHQGV
DUHVWXGLHG
)LJ $UUKHQLXVSORWVIRUFRQGXFWLYLW\ıRIDEFGHIJKL
300$&$3KEOHQGV
)LJ 5RRPWHPSHUDWXUHFRQGXFWLYLW\YDOXHVRI300$&$3KEOHQGV
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$PRQJ WKH VWXGLHG SRO\EOHQGV WKH 300$&$3K  EOHQG KDV VKRZQ KLJKHVW SURWRQ FRQGXFWLYLW\ RI
î 6FP DW  & $V WKH WHPSHUDWXUH LV LQFUHDVHG WKH SURWRQ FRQGXFWLYLW\ DOVR LQFUHDVHG ZLWKLQ WKH
PHDVXUHG WHPSHUDWXUH UDQJH EHWZHHQ  & WR  & )URP LPSHGDQFH SORWV LW FDQ EH QRWLFHG WKDW WKH EXON
UHVLVWDQFH 5 GHFUHDVHV ZLWKLQFUHDVHLQ WKHWHPSHUDWXUH +HQFHWKHSURWRQFRQGXFWLYLW\YDOXHKDVVKRZQLQFUHDVLQJ
WUHQG )LJ E 7KLVLVGXHWRWKHIDFWWKDW WKHLRQPRYHPHQWLQFUHDVHV DWKLJKHUWHPSHUDWXUH7KH LQFUHDVHG LRQ
PRYHPHQWIDYRUVWKH SURWRQFRQGXFWLYLW\
7HPSHUDWXUHGHSHQGHQFHRILRQLFFRQGXFWLYLW\
:LWKLQFUHDVHLQWKHWHPSHUDWXUHWKHSURWRQFRQGXFWLYLW\RIWKHEOHQGVKDYHVKRZQLQFUHDVLQJWUHQG7KHWUHQGLV
DOPRVW XQLIRUP IRU DOO WKH FRPSRVLWLRQV VWXGLHG :LWK LQFUHDVH LQ WHPSHUDWXUH WKH PRELOLW\ RI WKH LRQV DOVR
LQFUHDVHV7KHPRELOLW\RIWKHLRQVZLOOIDYRUWKHFRQGXFWLYLW\ )XUWKHUWKHFRQGXFWLRQRILRQVLVIDFLOLWDWHGE\WKH
YLEUDWLRQDO PRWLRQ RI WKH SRO\PHU VWUXFWXUH :LWK LQFUHDVH LQ WHPSHUDWXUH WKH YLEUDWLRQDO PRWLRQ EHFRPHV PRUH
YLJRURXV 'XHWRWKH HQKDQFHG YLEUDWLRQWKHFRRUGLQDWLRQVLWHVFRPHFORVH WRRQHDQRWKHU 7KLVIDFLOLWDWHV WKHLRQVWR
KRS IURPRQH VLWH WR DQRWKHUZLWK OHVVHU HQHUJ\ 7KH YLEUDWLRQDO DPSOLWXGH RI SRO\PHU VWUXFWXUH ZLOO KDYH GLUHFW
LPSOLFDWLRQ RQ IUHH YROXPH LQ WKH SRO\PHU HOHFWURO\WLF V\VWHP $V WKH YLEUDWLRQDO DPSOLWXGH RI WKH SRO\PHU
LQFUHDVHV WKH IUDFWLRQRI IUHHYROXPH DOVR LQFUHDVHV $]L]HWDO 'UXJHUHWDODQG'UXJHUHWDO
SURSRVHGWKHKRSSLQJPRGHOWKDW DWWULEXWHV WKH FRQGXFWLYLW\ FKDQJHV LQVROLGSRO\PHUHOHFWURO\WH ZLWKWHPSHUDWXUH
7KHPRYHPHQWRI LRQVZHUH IDFLOLWDWHGE\KRSSLQJRI LRQV IURPRQHSRVLWLRQ WR WKHRWKHU DV LW LQFUHDVHV WKH IUHH
YROXPHRIWKHV\VWHPDVSURSRVHGXQGHUKRSSLQJPRGHO ,QRWKHU ZRUGV KRSSLQJPRGHO HQFRXUDJH WKH WUDQVODWLRQDO
PRWLRQRIWKHLRQV+HQFHWKHLRQLFPRWLRQ IDFLOLWDWHGE\WKHSRO\PHU LVGXHWRWUDQVODWLRQDOPRWLRQKRSSLQJ RILRQV
7KHQRQH[LVWHQFHRIDQ\XQXVXDOYDULDWLRQRIFRQGXFWLYLW\ LQWKHSRO\PHUPDWUL[ LVGXH WRWKHRYHUDOODPRUSKRXV
UHJLRQ 7KHFRPELQDWLRQRILRQPRYHPHQWDQGDPRUSKRXVQDWXUHRIWKHSRO\PHUIDFLOLWDWHVWKHFRQGXFWLYLW\LQWKH
EOHQGV
7KHLQYHUVHWHPSHUDWXUHGHSHQGHQWHOHFWULFDOFRQGXFWLRQ )LJ IROORZV$UUKHQLXVODZ
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ZKHUH ı LV WKH FRQGXFWLYLW\ DW D SDUWLFXODU WHPSHUDWXUH ı LV WKH SUHH[SRQHQWLDO IDFWRU N LV WKH%ROW]PDQQ¶V
FRQVWDQW DQG 7 LV WKH DEVROXWH WHPSHUDWXUH 7KH FRQGXFWLYLW\ YDOXHV KDYH QRW VKRZQ DQ\ VXGGHQ FKDQJH ZLWK
WHPSHUDWXUH7KXV WKHEOHQGV KDYHQRWH[SHULHQFHG DQ\SKDVHWUDQVLWLRQVZLWKLQWKH VWXGLHG WHPSHUDWXUHUDQJH 7KH
URRP WHPSHUDWXUH FRQGXFWLYLW\ VWXG\ LV FRPSDUDEOH ZLWK ,(& PHDVXUHPHQW RI WKH EOHQGV 7KH YDULDWLRQ RI
FRQGXFWLYLW\RIWKHVWXGLHGEOHQGV GHFUHDVHGZLWKGHFUHDVHLQ 300$ FRQWHQW RI WKH EOHQGV )URPWKHZDWHUXSWDNH
WHVW LWFDQEHVHHQWKDW WKHYRLGVSUHVHQWLQWKHEOHQGVDUHGXHWRWKHSUHVHQFHRIK\GURJHQERQGEHWZHHQWKHWZR
FRPSRQHQWSRO\PHUV6RWKHSUHVHQFHRIK\GURJHQERQGDQGWKHYDULDWLRQRIH[FKDQJHDEOHJURXSV LQ WKH SRO\PHU
VWUXFWXUH IDFLOLWDWH LRQKRSSLQJ DQG LQWHUQWKHFRQGXFWLYLW\
'LHOHFWULFVWXGLHV
'LHOHFWULFVWXGLHVH[SODLQWKHFRQGXFWLYLW\ UHVSRQVH RISRO\PHUV 5DPHVKHWDO )LJDQG)LJVKRZV
WKH YDULDWLRQV REVHUYHG DW GLIIHUHQW WHPSHUDWXUHV IRU GLHOHFWULF FRQVWDQW VWRUHG FKDUJH DQG GLHOHFWULF ORVV ZLWK
IUHTXHQF\
,Q WKLVVWXG\QR FRQVLGHUDEOH UHOD[DWLRQSHDNV KDYHEHHQ GLVWLQJXLVKHG LQ WKH VWXGLHG IUHTXHQF\UDQJH $W ORZ
IUHTXHQFLHV D VKDUS ULVH LQ GLHOHFWULF FRQVWDQW DQG GLHOHFWULF ORVV KDV EHHQ REVHUYHG 7KLV ZLOO LQGLFDWH WKH
SRODUL]DWLRQ RI HOHFWURGH DQG VSDFH FKDUJH HIIHFWV WKDW RFFXUUHG LQ WKH V\VWHP 7KLV LV FRQILUPLQJ WKH QRQGHE\H
GHSHQGHQFH4LDQHWDO *RYLQGDUDMHWDO $WKLJKHUIUHTXHQFLHVWKHH[FHVVLRQGLIIXVLRQLQWKHGLUHFWLRQ
RIHOHFWULFILHOGKDVEHHQDIIHFWHGE\WKHIDVWSHULRGLFUHYHUVDORIWKHHOHFWULFILHOG 3RODUL]DWLRQ GHFUHDVHV GXHWR WKH
DFFXPXODWLRQ RIFKDUJHV 6R WKH GHFUHDVH LQGLHOHFWULFFRQVWDQWDQGGLHOHFWULF ORVV KDVEHHQ QRWLFHG 5DPHVKDQG
$URI  $W KLJKHU WHPSHUDWXUH WKH FKDUJH FDUULHU GHQVLW\ LV KLJK 6R WKH LQFUHDVH LQ GLHOHFWULF FRQVWDQW DQG
GLHOHFWULF ORVV KDV EHHQ REVHUYHG :LWK LQFUHDVH LQ WHPSHUDWXUH GHJUHH RI VDOW GLVVRFLDWLRQ RU DVVRFLDWLRQ RI
DJJUHJDWHG LRQV LQFUHDVHVDVLW LQFUHDVHV QXPEHURIIUHHLRQVRUFKDUJHFDUULHUGHQVLW\
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)LJ 'LHOHFWULFFRQVWDQW YDULDWLRQV ZLWKIUHTXHQF\DWGLIIHUHQWWHPSHUDWXUHVIRU300$&$3KEOHQG
)LJ 'LHOHFWULFORVV YDULDWLRQV ZLWKIUHTXHQF\DWGLIIHUHQWWHPSHUDWXUHVIRU300$&$3KEOHQG
 &RQFOXVLRQV
7KH 300$&$3K EOHQGV ZHUH SUHSDUHG E\ VROXWLRQ FDVWLQJ PHWKRG ,Q WKH HQWLUH FRPSRVLWLRQ UDQJH
KRPRJHQHRXVSRO\PHUEOHQGVZHUHREWDLQHG 5HPDUNDEO\D VLQJOH 7J ZDVREWDLQHG IRUHDFKRIWKH SUHSDUHG EOHQGV
7KHUHVXOWVRI )7,5$75DQG'6&VXJJHVWWKH PLVFLELOLW\RIWKH EOHQGV 7KH K\GURJHQERQG IRUPDWLRQ EHWZHHQWKH
& 2 DQG IUHH 2+ JURXSV RI 300$DQG &$3KUHVSHFWLYHO\PD\EHWKHFDXVHRIPLVFLELOLW\
7KH LQFUHDVLQJWUHQGLQ ZDWHUXSWDNH XSWRFRPSRVLWLRQ RIEOHQG DQGGHFUHDVLQJWUHQGLQ,(&ZLWKLQFUHDVH
LQ SHUFHQWDJH RI 300$ LQGLFDWH WKH H[LVWHQFH RI LQWHU PROHFXODU K\GURJHQ ERQGLQJ EHWZHHQ WKH FRPSRQHQW
SRO\PHUV 7KLVDOVRLPSOLHV WKHSUHVHQFHRIIUHHH[FKDQJHDEOHJURXSVLQWKH&$3KSRO\PHU
7KH  300$&$3K EOHQG KDV VKRZQ PD[LPXP SURWRQ FRQGXFWLYLW\ RI î 6 FP DW URRP
WHPSHUDWXUH 7KH KRSSLQJPRGHOW\SHRIPHFKDQLVPLVEHVWVXLWHGIRU SURWRQFRQGXFWLYLW\ DPRQJ WKHVH EOHQGV 7KH
DEVHQFHRIUHOD[DWLRQSKHQRPHQDLVUHYHDOHGE\WKHGLHOHFWULFVWXGLHVRIWKHEOHQGV 7KHVH SRO\PHU PDWHULDOVPD\
DOVREH WUHDWHG DVELREOHQGV LQGDLO\DSSOLFDWLRQV
$FNQRZOHGJHPHQWV
$XWKRUVDUH JUDWHIXOWR1DWLRQDO ,QVWLWXWHRI 7HFKQRORJ\ .DUQDWDND 6XUDWKNDOIRUWKH ILQDQFLDODVVLVWDQFH
5HIHUHQFHV
$]L] 6% $ELGLQ=+=$URI$.(IIHFWRIVLOYHUQDQRSDUWLFOHVRQWKH'&FRQGXFWLYLW\LQFKLWRVDQVLOYHUWULIODWHSRO\PHUHOHFWURO\WH
3K\VLFD%
%KDW'.-RLV+660LVFLELOLW\&RQGXFWLYLW\DQG'LHOHFWULF6WXGLHVRI3RO\PHWK\OPHWKDFU\ODWHDQG&HOOXORVHDFHWDWHSURSLRQDWH
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